The structure of nitrosylcobalamin (NOCbl) in solution has been studied by NMR spectroscopy and the 1 H and 13 C NMR spectra have been assigned. 13 C and 31 P NMR chemical shifts, the UV-vis spectrum of NOCbl and the observed pK base-off value of~5.1 for NOCbl provide evidence that a significant fraction of NOCbl is present in the base-off, 5,6-dimethylbenzimidazole (DMB) deprotonated, form in solution. NOE-restrained molecular mechanics modelling of base-on NOCbl gave annealed structures with minor conformational differences in the flexible side chains and the nucleotide loop position compared with the X-ray structure. A molecular dynamics simulation at 300 K showed that DMB remains in close proximity to the a face of the corrin in the base-off form of NOCbl. Simulated annealing calculations produced two major conformations of base-off NOCbl. In the first, the DMB is perpendicular to the corrin and its B3 nitrogen is about 3.1 Å away from and pointing directly at the metal ion; in the second the DMB is parallel to and tucked beneath the D ring of the corrin.
Introduction
Two vitamin B 12 -dependent enzyme reactions occur in mammals -methylcobalamin-dependent methionine synthase and adenosylcobalamin-dependent L-methylmalonyl-CoA mutase.
1
The early stages of B 12 deficiency in humans lead to hyperhomocysteinaemia and/or methylmalonic acidaemia followed by megaloblastic anaemia and/or neurological disorders. 2 The nitric oxide (NO) derivative of vitamin B 12 , nitrosylcobalamin (NOCbl, also referred to as nitroxylcobalamin or nitrosocobalamin in the literature), is also of potential interest in mammalian biochemistry. It has recently been proposed that cobalamins (Cbls, vitamin B 12 derivatives) scavenge nitric oxide to form NOCbl in vivo, 3, 4 and that Cbl is beneficial in treating pathological disorders associated with high NO, including sepsis.
4,5 NO regulates vasodilation, neurotransmission, and the immune response and is an inhibitor of platelet aggregation and cell proliferation.
6,7 Aquacobalamin suppresses NO-induced relaxation of smooth muscle, 8-10 NO-induced vasodilation 11 and NO-mediated inhibition of cell proliferation. Vitamin B 12 (cyanocobalamin) also reverses NO-induced neural tube defects. 12 Furthermore, both MeCbl-dependent methionine synthase and adenosylcobalamin-dependent methylmalonyl-CoA mutase are inhibited by NO or NO donors.
13-17
The extremely air sensitive NOCbl can be prepared by bubbling NO(g) through anaerobic solutions of cob(II)alamin or glutathionylcobalamin, by photoreduction of an aquacobalamin (H 2 OCbl + ) solution in the presence of NO(g) using a laser, or reacting aquacobalamin with NO donors.
18-23
There has been some controversy in the literature concerning whether H 2 OCbl + reacts directly with NO to form NOCbl, although it is now generally accepted that this is not the case.
22, 24 There has also been controversy as to whether H 2 OCbl + reacts directly with NO to form NOCbl in acidic solution (pH < 4); however commercial NO(g) is contaminated with nitrogen dioxide which reacts with NO to ultimately produce NO + and nitrite in aqueous solution, 24 and a recent study provides convincing evidence that the initial reaction step instead involves the formation of base-off NO 2 Cbl.
25
NOCbl has been characterized in solution by UV-vis, 1 H NMR (aromatic region only) and 15 N NMR spectroscopy.
18,19,23
Although the n(N-O) stretch of NOCbl was not observed in solution by resonance Raman spectroscopy, a Co-N(O) band was observed at 514 cm -1 . 19 Recently some of us determined the structure of NOCbl·15H 2 O by X-ray diffraction. 23 On the basis of the Co-N-O angle (117. 4-121.4 • ) it was concluded that the oxidation state of the Co centre in NOCbl is +3 in the solid state, since the Co-N-O group of low spin NO --Co III complexes is bent (~120
• ) as a consequence of the lone pair on the N atom of NO -, 26 whereas Co-N-O is essentially linear for Co II -NO complexes. 26 A similar conclusion was reached for NOCbl in solution based on resonance Raman spectroscopy measurements, the observation of well defined 1 indicative of a diamagnetic complex and the 15 N NMR chemical shift of 15 NOCbl.
18,19
Some of us have previously successfully applied a molecular mechanics (MM) force field to address a variety of questions in the structural chemistry of corrins.
27-31
We have also used NMR-derived distance restraints in molecular dynamics (MD) and simulated annealing (SA) calculations to explore the solution structure of a number of corrins, including those that fail to crystallize.
32-37
In the present work we have investigated the structure of NOCbl in solution using 2-D NMR spectroscopy techniques combined with NOE-restrained molecular dynamics calculations. The 1 H and 13 C NMR chemical shifts of NOCbl were completely assigned by ROESY, TOCSY, HSQC, and HMBC experiments. Molecular mechanics modelling of NOCbl was performed using the parameters derived specifically to model the cobalt corrins 38,39 as an extension of Allinger's MM2 force field. 40 Our results suggest that the electronic effects exerted by the NO ligand of NOCbl are closer to alkyl ligands rather than other inorganic ligands such as CN -, NO 2 -and H 2 O and that, consequently, a significant fraction of NOCbl in neutral solution exists in the DMB-deprotonated, base-off form.
Experimental

Synthesis of NOCbl
Both the synthesis and handling of NOCbl were carried out inside a glove box under an argon atmosphere. NOCbl was synthesized according to our published procedure, 23 with minor modifications. A freshly prepared anaerobic solution of HOCbl·HCl (35 mg HOCbl·HCl in 1 mL H 2 O) was added to solid DEA-NONOate (8.73 mg, 2.5 equiv.). The product solution was shaken gently to ensure complete mixing and the reaction left to proceed at room temperature for 12 h. The final pH of the mixture was 10.8. Formation of the desired product was checked by UV-vis and 1 H NMR spectroscopy. 23 The product was precipitated by dropwise addition to cold acetone (20 mL, -20 • C), filtered and dried under vacuum (2 ¥ 10 -2 mbar) for 3 h. We observed that both the unreacted DEA-NONOate and the reaction product DEA-NO co-precipitated with NOCbl, with their corresponding 1 H NMR signals in the aliphatic region of the spectrum interfering with our measurements. Therefore, the acetone precipitation step (and dissolution back into H 2 O) was repeated two more times, resulting in removal of most of the interfering compounds. NOCbl remained stable during the procedure, yielding a final purity of~97% by 1 H NMR spectroscopy.
Preparation of the NOCbl NMR spectroscopy sample
NOCbl (35 mg) was dissolved in 0.80 mL of anaerobic phosphate buffer (0.15 M, pH 7.40) made up with 90% H 2 O/10% D 2 O, and containing 1 mg of TSP. The final pH of the sample was 7.70. The NMR tube was flame-sealed under vacuum and the purity of the sample checked by 1 H NMR spectroscopy. The sample was stable for at least 3 months at room temperature, in the dark, as assessed by 1 H NMR and UV-vis spectroscopy (the latter experiment requiring the NMR tube to be broken open and the sample diluted with anaerobic buffer prior to transferring to a Schlenk cuvette for a UV-vis spectroscopy measurement). and l o = 1.865 Å in the force field. NO coordinates to Co(III) in a bent manner (Co-N-O = 120 (2) • in NOCbl and is similar (122.9 (9) • ) in CoNO porphyrins. The angle was modelled using an angle bending force constant k b = 1.0 mdyn Å rad -2 and a strain free bond angle of q o = 116
• . A total of 64 NOE cross peaks (Table S1 †), not including those resulting from geminal hydrogens, could be resolved and assigned in the ROESY spectra in H 2 O at the longest mixing time (160 ms) for NOCbl. These cross peaks were classified 48 as strong, medium, weak, or very weak, depending on whether they first appeared in the ROESY spectra at mixing times of 40, 80, 120, or 160 ms, respectively.
The crystal structure of NOCbl, 23 from which we excluded all solvent molecules, was used as starting point for the modelling. Energy minimization was performed using a Polak-Ribiere The assignments of all pro-chiral protons were made on a trial and error basis until the minimum number of violations of distance criteria were obtained during a series of 100 ps MD simulations at 300 K. Where a number of NOE's to the same achiral centre occur, care was taken to choose for each restraint the proton pair with the smallest inter-proton distance. The leapfrog algorithm 50,51 was used to solve the Newtonian equations of motion that describe the dynamics trajectory for MD simulation calculations. A small time step of 0.5 fs was used. Temperature scaling with coupling to an external heat sink 52 (using a temperature relaxation time of 0.1 ps), was used to control the temperature. Initial velocities for MD simulations were assigned to fully energy minimized structures using a random number generator. In a typical simulation, the molecule was heated from 0 K to the run temperature (300 or 800 K) during a 20 ps heating phase. The run phase at 800 K was varied between 1 and 750 ps for simulations designed to find stable conformations while a run phase of 500 ps was used to determine inter-proton distances at 300 K. The run phase was followed by an annealing phase of 20 ps to 0 K for simulations designed to find stable conformations, followed by full energy minimization. A consensus structure was obtained by averaging the coordinates of each atom of each of 25 annealed structures and then energy minimizing again.
Results and discussion
NMR spectroscopy measurements for NOCbl
2-D NMR experiments (TOCSY, ROESY, HSQC, and HMBC)
allowed the complete assignment of the 1 H and 13 C NMR resonances for NOCbl in solution (pH 7.70, 25
• C). Table S1 † shows the 2-D NMR correlations which support these assignments. A labelling scheme for NOCbl is given in Fig. 1 . Significant (≥1.0 ppm) 13 C chemical shift differences between NOCbl and two "normal" Co(III)Cbls with nitrogen-linked upper axial ligands, nitrocobalamin (NO 2 Cbl) and amminocobalamin (NH 3 Cbl), are summarized in Table 2 . As 19 of 62 (31%) chemical shifts are significantly different, it is reasonable to conclude that NOCbl is not a typical Co(III)Cbl with a nitrogenous upper axial ligand. In particular, the chemical shift differences at the corrin ring carbons C15, C14, C9, C16, and C4 suggest significantly different corrin ring electronic effects in NOCbl.
As depicted in Scheme 1, in aqueous solution Cbls exist in three forms: base-on, base-off with the 5,6-dimethylbenzimidazole (DMB) deprotonated, and base-off with the DMB protonated. Under more acidic conditions, Cbl species that are mono and diprotonated at the phosphodiester also exist (pK a~-0.1 and Fig. 2 gives a plot of -DG Co o versus d Co-NB3 for a series of Cbls, including NOCbl. -DG Co o is remarkably small for NOCbl, in accordance with the high pK base-off value. It is apparent from this plot that NOCbl deviates significantly from the line of best fit for other non-alkyl and alkylcobalamins, and is closer to that expected for an alkylcobalamin. Given that the pK base-off value of 5.1 for NOCbl is unexpectedly high, it is informative to evaluate the importance of the DMB deprotonated, base-off conformation by other means. The chemical shift of the DMB carbons have been shown to be sensitive to the strength of coordination of the axial DMB to the cobalt atom in base-on Cbls.
61,62 Table 3 shows a comparison of the 13 C DMB chemical shifts of adenosylcobalamin (AdoCbl), methylcobalamin (CH 3 Cbl), cyanocobalamin (CNCbl), and aquacobalamin (H 2 OCbl + ) to those of NOCbl and those of two base-off (but DMB deprotonated) Cbls, dicyanocobalamin, (CN) 2 Cbl -and a-AdoCbl (Ado (= 5¢-deoxyadenosyl) ligand in the lower or a-axial position). Clearly, the DMB of NOCbl more closely resembles that of AdoCbl or CH 3 Cbl, where the equilibrium constant for formation of the base-on species from the base-off, DMB deprotonated species, K Co , is of the order of 10 1 to 10 2 , than that of CNCbl -and a-AdoCbl, Table 3 , which again suggests that the base-off, DMB deprotonated conformation of NOCbl (Scheme 1) is important in neutral, aqueous solution.
One of us has previously shown that for a series of 10 Cbls, the 13 C NMR chemical shift of the DMB carbons of the nucleotide loop also correlates directly with DG Co o .
61 Table 4 shows attempts to use the correlations of the DMB chemical shifts with the Gibbs free energy of formation of the base-on species, DG Co o , from this work to estimate the value of K Co and pK base-off for NOCbl. The first three columns show the slope, intercept, and correlation coefficient of the correlation of each DMB carbon with DG Co o for the 10 Cbls studied. The B7 carbon was omitted, since the chemical shifts of the alkylcobalamins do not fall between those of XCbls (X = CN -, H 2 O) and the base-off Cbls. The B2 carbon was also omitted, since its chemical shift shows little dependence on DG Co o . The correlations for B4, B5, and B6 all give values of K Co for NOCbl on the order of 10, i.e., similar to an alkylcobalamin with a strongly electron donating alkyl ligand such as nPrCbl. The B8 and B9 correlations give K Co values << 1 for NOCbl, characteristic of a base-off Cbl. The value of 1.9 determined from pK base-off = 5.1 lies in between these two extremes. Importantly, although the lack of consistency of these estimates is somewhat disconcerting, it is consistent with NOCbl being an outlier, as observed in the -DG Co versus d Co-NB3 correlation (Fig. 2) , and in the 31 P NMR chemical shift versus d Co-NB3 correlation (Fig. 3, see below) , albeit to a much lesser extent. Furthermore all of the correlations suggest that in solution NOCbl behaves more like an alkylcobalamin, with a covalent upper axial Co-X bond, than an inorganic Cbl with a dative Co-X bond, consistent with the deprotonated base-off conformation of NOCbl being an important species in neutral aqueous solution. 
53,58
Large spectral shifts of the ab band region (400-600 nm) of the UV-visible spectrum to higher energy accompanied by a colour change from red to yellow occur upon conversion of base-on XCbls to their deprotonated (or protonated) base-off forms. 65 In Fig. 4 , the UV-vis spectrum of NOCbl is compared with MeCbl, protonated base-off MeCbl, CNCbl and NO 2 Cbl. The ab band region of NOCbl is noticeably shifted towards shorter wavelengths compared with the other XCbls with inorganic ligands (X = CN -or NO 2 -), providing further compelling evidence that the base-off, DMB-deprotonated form is especially important for NOCbl under neutral pH conditions. The spectral differences observed in Fig. 4 are also reflected in the colours of the solutions. Whilst CNCbl (K Co > 10 5 , Scheme 1) and NO 2 Cbl are red, MeCbl (K Co = 467) is red-orange, NOCbl (K Co = 1.9) is bright orange and base-off, protonated MeCbl is yellow. Importantly, there was no evidence for a deprotonated, baseoff NOCbl species in the X-ray diffraction electron density map for NOCbl;
23 hence it appears that significant amounts of this form occurs in solution only. However, the finding that the NO ligand behaves electronically more like an alkyl ligand rather than a typical inorganic ligand is supported by the X-ray structural data. For NOCbl, the Co-NB3 bond length is 2. 13 Table S2 † lists all the NOE's, their assigned strength, and the average, standard deviation, maximum, minimum and median H-H distances during a 500 ps molecular dynamics simulation at 300 K of the base-on form of NOCbl. Given the clear importance of a base-off form of NOCbl in solution (vide supra) we then broke the Co-NB3 bond and repeated the simulation for the base-off form; the data are also listed in Table S2 . The modelling accords well with the solution structure of NOCbl. Of the 64 NOE's only 3 (4.7%) violate the distance criteria outlined above in both the base-on and the base-off forms of NOCbl. The distance between C26¢ and C3 (2.55 and 2.56 Å on average for the base-on and base-off forms, respectively) accords with a strong NOE, but that between C3 and C26¢¢ is too long (3.53 Å for both forms of NOCbl); this is in line with the relative inflexibility we see in the a side chain (vide infra). The C53 and C18 protons are well separated (the average modelled distance is 5.08 Å for base-on NOCbl and 5.24 Å for base-off NOCbl); that this gives rise to a clear, albeit weak NOE, is puzzling. The average modelled distance between the B7 proton and the proton on R4 is long even for a very weak NOE (5.67 and 5.69 Å for base-on and base-off NOCbl, respectively) but we note the wide range of interproton distances (6.41 to 2.32 Å , and 6.41 to 4.42 Å , respectively) and the relatively large standard deviation of the distance (0.21 and 0.25 Å , respectively) and conclude that the violation is marginal.
75
Molecular dynamics and simulated annealing
Two NOE's violate the distance criteria in the base-on form of NOCbl. The distance violation between C56¢ and C18 is marginal in the base-on form (the average distance is 3.36 Å ) but is very well accounted for in the base-off form (average 2.56 Å ). The distance between the f H proton and that on R3 (5.09 Å in the base-on form) is too long for even a weak NOE, but is also well accounted for in the modelling of the base-off form (3.04 Å ). There is a single NOE that is compatible only with the base-on form. The weak NOE between C56¢¢ and the R4 proton cannot be due to the base-off form (average 5.92 Å ) but is within the expected distance in the base-on form (average 4.53 Å ).
Simulated annealing calculations were performed on both the base-on form of NOCbl (omitting the C56¢-C18 and the f H -R3 NOE's) and the base-off form (omitting the C56¢¢-R4 NOE). Fig. 5A shows 25 annealed structures for base-on NOCbl overlaid at the Co ion and four corrin N donor atoms. Two views of the consensus structure of base-on NOCbl are shown in Fig. 6A and 6B (in black) overlaid with the crystal structure of NOCbl (white). Base-off NOCbl annealed into two principal conformations. In the first (Fig. 5C ; the consensus structure is shown in Fig. 6D ) the base is perpendicular to the corrin and the B3 nitrogen is about 3.1 Å away from and pointing directly at the metal ion. In the second structure (Fig. 5B , consensus structure in Fig. 6C ), the base is virtually parallel to and tucked beneath the D ring of the corrin. Two other annealed structures in which the base is more remote from the metal were also identified and are shown in Fig. 5D . 
Structural metrics
In Table S3 † we compare some structural metrics of the baseon consensus structure and the crystal structure. The O atom of the NO ligand in the modelled structures, as in the crystal structure, occupies three different positions. When we developed the force field parameters for modelling the corrins 38 we surveyed the structures of the then available Co(III) corrins and based our force field parameters on the averages of the structural metrics. We found that the average Co-N bond length to N21 and N24 is 1.885(38) Å , whilst that to N22 and N23 is longer, 1.924(44) Å . This is well-reproduced in the modelling of NOCbl (Table S3 ). The Co-N bond length to coordinated NO and the N-O bond lengths are well-reproduced (1.175 versus an average of 1.176 Å in the X-ray structure). The Co-NB3 bond length to coordinated DMB in the consensus structure (2.063 Å ) is significantly shorter than that observed in the X-ray structure of NOCbl (2.123 Å ). It is well established that the Co-NB3 bond length is influenced by the electronic donor power of the trans b ligand.
54, 55 Since MM methods are insensitive to such electronic effects, when modelling alkylcobalamins 27 we use a different parameter for the Co-NB3 bond (k s = 2.8 mdyn Å -1 , l o = 2.138 Å ) than when modelling cobalt corrins where the b ligand is an "inorganic" moiety such as CN -,
. The Co-NB3 bond length of 2.063 Å (or 0.06 Å too short) was produced using the "inorganic" parameter; it increased to 2.173 Å (i.e., 0.05 Å too long) when we used the parameter appropriate for modelling alkylcobalamins. Thus, NO behaves in NOCbl somewhat like an alkyl ligand of moderate trans influence. For convenience, all modelling was performed with the "inorganic" parameters and the axial bond lengths to coordinated DMB are too short by about 0.06 Å .
The C-N bond lengths observed in the X-ray structure of NOCbl are within the range for cobalt corrins (N21-C1, N24-C19, 1.49(4) Å ; N21-C4, N24-C16, 1.31(4) Å ; N22,N23-C, 1.37(5) Å ) and are well reproduced in the modelling. The same is true for the C-C bonds with double bond character (crystallographic mean 1.40(7) Å ) and the C-C single bonds (crystallographic mean 1.55(6) Å ).
Bond angles are generally well-reproduced (Table S3 †) ; the average difference between the base-on consensus structure and the solid state structure is 1.5
• and 85% of the bond angles reported in Table 2 are reproduced to better than 2.5
• . The corrin fold angle is defined as the angle between the mean planes through N21, C4, C5, C6, N22, C9 and C10, and through N24, C16, C15, C14, N23, C11 and C10. 76 In the X-ray structure of NOCbl the corrin has a fold angle of 15.9
• . The consensus structure is slightly more folded (16.8 • ) and changing the parameters for modelling the Co-NB3 bond thus elongating that bond (vide supra) changes the fold to 15.3 • , lower than the X-ray structure value. The fold angles of the 25 annealed structures from which the consensus structure was derived vary between 9.8
• and 18.9
• (mean 14.4(3.1) • ).
The annealed structures
The annealed structures illustrated in In the base-on form the greatest variability is seen in the f side chain and the nucleotide loop; this leads to a variety of dispositions of the ribose and DMB relative to the corrin. Fig. 7 shows the extremes; at one extreme DMB is parallel to the C5 ◊ ◊ ◊ C15 line and the ribose is beneath the C15-C16 bond and at the other extreme DMB has rotated by 17
• in a counter clockwise fashion towards C4 when viewed from above the corrin and the ribose is nearly beneath the C ring. We have previously noted this considerable flexibility in the f side chain in the modelling of other cobalamins. There is little variation in the A ring of the corrin in the base-on form. C1, N21 and C4 are planar with C2 and C3 below the plane. Similarly, in the B ring C6, N22 and C9 are planar, C7 is above the plane and C8 below. On the other hand, both the C and D rings show considerable flexibility. The C ring adopts a range of conformations. At one extreme the ring is virtually planar, and both the C46 and C47 methyl groups are in a pseudo equatorial position. At the other, C11, N23 and C14 are planar, C12 is above the plane so that the C46 methyl group is in an axial position whilst the C47 methyl is equatorial, and C13 is below the plane. The D ring adopts a range of conformations between two extremes. In the first, C16, N24, C17 and C19 are virtually coplanar and C18 is displaced towards the a face of the corrin, whilst in the second C17, C18, C19 and N24 are coplanar and C16 is displaced towards the b face.
As might be expected, untethering of the nucleotide loop imparts greater flexibility to the corrin, and especially the f side chain; however, in all annealed structures of the base-off form of NOCbl that we obtained DMB remains close to the a face of the corrin. Annealing produced structures that fit broadly into one of three classes. In the first (13 of the 25 structures, 52%, Fig. 5B ) DMB is anti to the ribose, and nearly parallel to the corrin beneath the A ring (Fig. 6C shows the consensus structure) . The distance between NB3 and Co ranges between 7.4 and 8.3 Å (average 7.9(2) Å ; 7.78 Å in the consensus structure). In the second (10 structures, 30%, Fig. 5C ), DMB is perpendicular to the corrin with the distance between Co and NB3 between 2.9 and 3.8 Å (3.11 Å in the consensus structure, Fig. 6D ). In two structures (8%, Fig. 5D ) DMB annealed syn to ribose and is nearly parallel to the corrin. As only two structures were found we could not determine a consensus structure for what is likely to be a minor conformation of base-off NOCbl.
In a 250 ps dynamics simulation at 300 K, in which the distance between Co and NB3 and between C20 and NB3 was monitored every 10 fs, the largest distance between Co and NB3 was 8.35 Å and that between C20 and NB3 was 5.94 Å (see Figure S1 of the ESI †). If all the NOE's are removed, the nucleotide loop swung out by rotating about the Pr1-Pr2 bond (see Fig. 1 ) and the structure energy-minimised, the distance between C20 and NB3 is over 17 Å whilst the Co ◊ ◊ ◊ NB3 distance is over 18 Å . Hence the 300 K dynamics simulation shows that DMB remains tucked in near the a face throughout the dynamics trajectory. Removing the weak NOE between C56¢¢H and R4H, which is unique to the base-off species, and repeating the dynamics trajectory does not significantly alter the results. It is clear that, probably because of the sentinel-like effect of the three propionamide side chains and the C20 methyl that point downward towards the a face, the DMB ligand does not readily move from the vicinity of the corrin's a face. These results are in broad agreement with those we obtained previously when we modelled a base-off cobalamin, methyl-3,5,6-trimethylbenzimidazolylcobamide (CH 3 Me 3 BzmCba + ), in which the B3 nitrogen of DMB is blocked by a methyl group. 33 In that case we found that in the absence of tethering by the metal ion, the nucleotide loop has considerable motional freedom but that in an extended dynamics simulation at 300 K the base also remains near the a face of the corrin.
Conclusion
H and
13 C NMR chemical shifts of NOCbl have been assigned using 2-D NMR techniques. Interproton distances obtained by NOE experiments have been used in conjunction with molecular mechanics to obtain the structure of NOCbl in solution, with over 95% agreement between the resulting structures and the NOE data. 13 C and 31 P NMR chemical shifts, pK base-off /-DG Co o and UVvis spectra of NOCbl compared with other Cbls suggest that the NO ligand has electronic properties significantly differing from inorganic ligands such as CN -or H 2 O, closer to the covalently bound alkyl ligands of alkylcobalamins. Furthermore, pK base-off , 13 C NMR shifts and the visible spectrum of NOCbl are consistent with the base-off DMB deprotonated form being much more important for NOCbl in solution compared with all other known Cbl species, including alkylcobalamins. Molecular modelling was performed separately on a base-on and on a base-off form of NOCbl. The solution structure of the base-on form is similar to that observed by X-ray diffraction, with minor differences in the conformationally flexible side chains and in the position of the nucleotide loop. Modelling of the base-off form shows that DMB can adopt a range of positions relative to the corrin, but remains in close proximity of the macrocycle's a face. It was not possible to obtain a reliable estimate of the Co-NB3 bond distance from the molecular mechanics calculations, since these calculations do not take into account electronic effects experienced by the Co-NB3 from the b-axial NO (the trans influence); however MM calculations using parameters typical for either b-axial inorganic or alkyl ligands provide further support that NO has electronic properties between those of inorganic and alkyl ligands.
